Abstract Isomorphic substitution of Rh at varying levels on the B site of lanthanum zirconate pyrochlore (La 2 Zr 2 O 7 ; designated LZ) resulted in the formation of thermally stable catalysts suitable for fuel reforming reactions operating at 900°C. Three specific catalysts are reported here: (a) unsubstituted lanthanum zirconate (LZ), (b) LZ with 2 wt% substituted Rh (L2RhZ), and (c) LZ with 5 wt% substituted Rh (L5RhZ). These catalysts were characterized by XRD, XPS, and H 2 -TPR. XRD of the fresh, calcined catalysts showed the formation of the pyrochlore phase (La 2 Zr 2 O 7 ) in all three materials. In L5RhZ, the relatively high level of Rh substitution led to the formation of LaRhO 3 perovskite phase which was not observed in the L2RhZ and LZ pyrochlores. TPR results show that the L5RhZ consumed 1.57 mg H 2 /g cat , which is much greater than the 0.508 H 2 /g cat and 0.155 mg H 2 /g cat for L2RhZ and LZ, respectively, suggesting that the reducibility of the pyrochlore structure increases with increasing Rh-substitution. DRM was studied on these three catalysts at three different temperatures of 550, 575, and 600°C. The results showed that CH 4 and CO 2 conversion was significantly greater for L5RhZ compared to L2RhZ and no activity was observed for LZ, suggesting that the surface Rh sites are required for the DRM reaction. Temperature programmed surface reaction showed that L5RhZ had light-off temperature 80°C lower than L2RhZ. The spent catalysts after runs at each temperature were characterized by temperature programmed oxidation (TPO) followed by temperature programmed reduction and XRD. The TPO results showed that the amount of carbon formed over L5RhZ is almost half of that formed on L2RhZ.
Introduction
Pyrochlores are a class of ternary metal oxides based on the fluorite structure with a cubic unit cell with a general formula of A 2 B 2 O 7 . An important property of these materials is that catalytically active noble metals can be substituted isomorphically on the B site to form a crystalline catalyst. These materials consist of vacancies at the A and O sites, which facilitate oxygen ion migration within the structure [1] . The A site is usually a large cation (typically rare earth elements) and the B site cation has a smaller radius (usually transition metal) [2] . For the pyrochlore structure to be stable it is necessary that the ionic radius ratio of A and B site cations be between 1.46 and 1.78 [1] . The ratio of the ionic radii for La 2 Zr 2 O 7 is 1.61 [3] . If the ratio of the ionic radii is greater than 1.78, a perovskite phase can be formed. Below a ratio of 1.46 a fluorite structure is formed [4] . Catalytically active metals like Ru, Rh, Pt can be substituted into the B site of the pyrochlore structure because they meet this ionic radius constraint and have the required oxidation state [5] . The resulting materials possess the thermal stability inherent in the pyrochlore structure, which also constrains the active metal within the pyrochlore structure even at high temperatures.
Steam reforming, autothermal reforming, and partial oxidation of methane are used to reform methane to synthesis gas [5] [6] [7] . CO 2 reforming of CH 4 is a highly endothermic reaction and has been widely studied on a number of catalysts [8] [9] [10] [11] . For fuel reforming, one study shows that the activity decreases in the order Ru, Rh [ Ir [ Ni, Pt, Pd [ Co [ Fe, Cu [12] , with noble metals also showing higher activity and greater resistance to deactivation by carbon deposition [13] . Carbide catalysts have also been used for studying this reaction [6, 14] . Economic evaluations have suggested a cost advantage for DRM as a route to the production of synthesis gas [15] .
There are two major problems associated with dry reforming, (a) deactivation due to carbon formation on the catalyst, and (b) thermal degradation of the catalyst and/or support at the high temperatures required for this reaction, typically above 700°C. Studies using non-noble metals like Fe, Ni, have consistently shown rapid deactivation by carbon deposition [16] [17] [18] , although this can be minimized in some cases by maintaining high metal dispersion [17] . Because temperatures well above 700°C are required to reach high syngas yields, traditional supported metals are not stable, suggesting the need to develop an inherently stable material that is catalytically active. Resistance to carbon formation is also related to the oxygen conductivity of substituted pyrochlores [19] . Oxygen mobility within the pyrochlore structure is a strong function of the La content in the structure. It is shown by Diaz-Guillen et al. [20] that the activation energy for oxygen ion conductivity decreases from 1.13 eV for Gd 2 Zr 2 O 7 to 0.81 eV for GdLaZr 2 O 7 with an increase in the La substitution in the pyrochlore structure.
Although pyrochlores have the thermal stability and potential for active metals to be substituted into the structure, we are aware of only one report of DRM on any pyrochlore. Ashcroft et al. [21] studied pyrochlores based on Eu, Ru, Gd, but found that they decomposed into the various oxides at DRM conditions.
The present study focuses on the characterization and activity of Rh-substituted pyrochlores, which have been studied for reactions such as fuel reforming [19, 22] . Specifically, lanthanum zirconates (LZ) into which 2 and 5wt% Rh have been substituted at the B site of the pyrochlore structure are characterized by ICP, XRD, XPS, TPO and H 2 -TPR. La 2 Zr 2 O 7 pyrochlores with Rh substitution on the Zr site (known as the B site, based on the general formula for pyrochlores as A 2 B 2 O 7 ) were tested for their activity at 550, 575 and 600°C to study the kinetics of the reaction. Post-run temperature programmed oxidation (TPO) is used to determine the coke formation.
Experimental section

Catalyst synthesis
The LZ, L2RhZ and L5RhZ pyrochlores were synthesised by modified Pechini method [19] . The synthesis and ICP procedure had been reported earlier [5, 19] .
Catalyst characterization
The equipment and experimental procedure details for X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), H 2 temperature programmed reduction (TPR), temperature programmed surface reaction (TPSR) are reported in our earlier work [5] . For this work XPS spectra were obtained for the C 1 s, O 1 s, La 3d, Zr 3d, and Rh 3d. In each case, the binding energy (BE) and the area of the corresponding peaks were measured.
Activity study
The composition of reactant gases used for the reaction over the catalyst was 10 mol% of CO 2 /He and 10 mol% of CH 4 /He. We studied the activity of the catalysts for DRM at different temperatures 550, 575, and 600°C. The mass spectrometer (MS) connected to the reactor gave the mole fractions of the reactants in the blank condition. DRM was performed with an equimolar reactant feed of 20 mL/min of each of the reactant gases to give a total space velocity of 48,000 mL/g cat /h. For each run, 50 mg of the catalyst was loaded in the U-tube reactor. Before each reaction run, the catalysts were heated to the reaction temperature in flowing He; no reduction was conducted before subjecting the catalysts to DRM. The reactants CO 2 and CH 4 were introduced after this into the reactor at desired flow rates. The mole fractions of the reactants and products from the mass spectrometer helped us to compare the results with the blank conditions.
Temperature programmed oxidation (TPO)
After DRM, a TPO was conducted for studying the carbon formed during the reaction. For conducting the TPO, the catalyst was cooled to room temperature (ca. 35°C) in flowing He at 20 mL/min. Then it was oxidized in flowing 5 % O 2 /He at 30 mL/min from room temperature to 950°C and the ramp rate was 5°C/min. The conditions were maintained isothermal at 950°C for 30 min. The CO (m/z = 28) and CO 2 (m/z = 44) emitted during the TPO were tracked using the mass spectrometer hooked up to the reactor outlet.
Results and discussions
X-ray diffraction study of fresh catalyst Figure 1 shows the XRD patterns for the freshly calcined pyrochlores. The star marked peaks represent the La 2 Zr 2 O 7 (ICSD no: 50-0837) pyrochlore phase and the diffraction angle for these peaks is similar to the diffraction patterns observed in the literature [19, 23] .
Haynes et al. [19] used L2RhZ pyrochlores for the partial oxidation of n-tetradecane, and their XRD pattern for pyrochlores match those in Fig. 1 for LZ and L2RhZ in this study. However, for L5RhZ there was an extra peak observed at *32°. Gallego et al. [17] and Arauj et al. [11] . studied perovskites for DRM and observed main diffraction peak for LaCoO 3 and LaRuO 3 , respectively, at *32°. The similar peak observed at 32°in the XRD pattern for L5RhZ pyrochlore ( Fig. 1) suggests that 5 wt% Rh substitution resulted in the formation of a separate LaRhO 3 perovskite phase.
To study effect of Rh substitution in further detail, XRD with a slow sweep rate was conducted on the fresh catalysts. Figure 2 shows the XRD pattern for a slow sweep rate; it is observed that there is a small peak for LaRhO 3 for the L2RhZ pyrochlore, but a prominent one for L5RhZ. The amount of Rh in the 5 % and the 2 % sample appears to be in excess of the maximum substitution limit of the pyrochlore structure, and thus resulted in the formation of a separate LaRhO 3 perovskite phase. Isomorphic substitution of Rh on the B site has caused a small shift in the diffraction peak to a smaller angle for L2RhZ and L5RhZ compared to LZ. Lower diffraction angle corresponds to an increase in the lattice parameter of LRhZ catalysts due to Rh substitution.
X-ray photoelectron spectroscopy of the fresh catalysts XPS spectra for the Rh 3d core level obtained from L2RhZ and L5RhZ pyrochlores are shown in Fig. 3a , b, respectively.
In the deconvolution process, the relative intensity and separation of the spin-orbit for Rh 3d 5/2 -3d 3/2 doublet were fixed at ratio of 3:2 and 4.8 eV, respectively [24] . According to the literature, the BE of Rh 0 valence state is 307.1-307.6 eV and BE of Rh 3? valence state is in a wide range from 308.8 to 311.3 eV depending on the surrounding environment [24] [25] [26] [27] . For L2RhZ (see Fig. 3a Table 1 ).
It should be noted that the FWHM (full width half maxima) of Rh peaks was significantly broader (2.0-2.7 in our measurement) when compared to those of Rh standard (about 0.7 for pure bulk Rh 2 O 3 ). The broadening of Rh peaks may suggest a high dispersion of Rh in catalyst with little local aggregation [25, 28] . Quantitative analysis indicates the atomic percent of Rh on the surface of L2RhZ and L5RhZ pyrochlores is 0.78 and 3.15 %, respectively. This surface Rh concentration for individual pyrochlores is smaller than the theoretical levels obtained from inductively couple plasma-optical emission spectroscopy (ICP-OES) results (see Table 2 ). Since XPS is a surface sensitive technique which only can detect elements several nanometers under the surface, this result suggests that the remaining Rh lies within the lattice, as expected.
Both pyrochlores have surface Rh in similar oxidation states, but the absence of Rh d? signal for L2RhZ may be due to its lower Rh loadings, which limits the accuracy in deconvolution of the Rh peak due to high signal-to-noise level. The ratio of surface Rh concentration (by wt) for L5RhZ and L2RhZ is about (3.15:0.78 = 4), which is greater than their bulk ratio i.e., 4.4:1.7 = 2.6, as observed in the ICP-OES analysis. This indicates that the surface of L5RhZ is enriched with Rh compared to the surface of L2RhZ. As XPS detects elements within a few nanometers depths from the surface, a higher surface concentration would mean that the surface Rh on L5RhZ is well dispersed. If there was any aggregation of Rh on the surface then the detected amount of Rh on L5RhZ surface would be less or close to that of L2RhZ. But a higher surface concentration indicates that the greater Rh loading in L5RhZ did not cause any local surface aggregation of Rh, which generally would decrease the detected surface concentration of the metal.
XPS analysis shows that for both L2RhZ and L5RhZ pyrochlores, the 3d 5/2 peaks of La and Zr elements were 833.4-833.6 and 182.1-182.3 eV, respectively. These peaks positions indicated Zr and La in the pyrochlore structure and were in the Zr 4? (ZrO 2 ) and La 3? (La 2 O 3 ) oxidation states, respectively [29, 30] .
Temperature programmed reduction (TPR) Figure 4 shows the hydrogen TPR profiles for the three catalysts. The LZ pyrochlore reduction profile shows reduction peaks at 490 and 580°C, corresponding to an H 2 consumption of 0.155 mg H 2 /g cat . This corresponds to 0.6 % reduction of the lanthanum zirconate. The TPR profile of L2RhZ shows three distinct peaks at 380, 455, and 570°C. All three catalysts show two peaks above 450°C, which can be attributed to reduction of the LZ itself.
Comparison of the L2RhZ and LZ TPR results suggests that the 380°C peak is due to reduction of Rh that is interacting strongly with the pyrochlore. The small additional peak 280°C for L2RhZ may be due to reduction of Rh that is less strongly interacting with the pyrochlore [19] . For L5RhZ the 410°C peak is close to that at 380°C for the L2RhZ, and its larger area is consistent with the larger amount of reducible Rh in this catalyst. The similarity of the peak temperatures for this peak and that of the L2RhZ (410 versus 380°C) indicates that the strength of the . This means that a significant portion of the Rh is substituted in the bulk of the pyrochlore and is not available during the reduction reaction, as expected. TPR profiles obtained in this study are similar to the ones observed by Haynes et al. [19] . The peak observed for LZ in our study shows two types of reducing species, one at 490°C and the other at 580°C. Whereas, the one observed by Haynes et al. [19] , for LZ has a single peak at 527°C. This difference in the reduction peaks could be due to the difference in the hydrogen concentration in the two TPR procedures. The concentration of the gas used for TPR in the work by Haynes et al. [19] was 5 % H 2 /Ar and the one used in this work was higher 10 % H 2 /Ar keeping the same ramp rate and flow rate. The higher partial pressure of the reducing gas in the present work resulted in a faster reduction reaction, allowing a distinction to be made between reduction peaks that were not visible in the Haynes et al. [19] study. The single broad peak observed by Haynes et al., thus appeared as a double peak in the present work.
The deconvoluted TPR profiles of LZ, L2RhZ, and L5RhZ pyrochlroes are shown in Fig. 5a -c, respectively (these figures differ in y-axis scale). Figure 5a shows that the LZ reduction peaks involve the reduction of four species. XPS results show that La and Zr are present in ?3 and ?4 oxidation states, respectively, in the pyrochlore structure. Peaks at 490 and 580°C could be due to the reduction of La ?3 and Zr ?4 species [31] . The lower temperature peaks at 396 and 430°C (not visible in Fig. 4 due to the yaxis scale) could be due to the reduction of partially coordinated lanthanum or zirconium cations at the surface. Hoang et al. [31] conducted TPR of the ZrO 2 support and lanthana promoted zirconia structure (La 2 O 3 -ZrO 2 ). They observed a reduction peak at 574°C for ZrO 2 and at 554°C for La 2 O 3 -ZrO 2 [31] . The high temperature peaks at 490 and 580°C can be attributed to the reduction of La 2 O 3 -ZrO 2 and ZrO 2 phase, respectively [31] . In Fig. 5b , L2RhZ has a small peak at 280°C appears to be due to the reduction of a weakly interacting Rh species [19] . The intensity of this peak is very low and thus this reducing species could not be accurately determined and deconvoluted during the analysis of the XPS peaks. Peaks at 375 and 394°C can be assigned to the reduction of Rh with varying degrees of interaction with oxygen and neighboring atoms in the bulk of the pyrochlores. The 394°C peak could also be due to the reduction of some lanthanum zirconate species reducing at 396°C as seen in Fig. 5a . As mentioned earlier, the lanthanum zirconate is reduced at 430 and 490°C (see Fig. 5a ). The peak at 455°C (in Fig. 5b ) could be due to the reduction of these lanthanum zirconate species which have different levels of interaction with the neighboring metals due to Rh substitution in the pyrochlore structure compared to the unsubstituted LZ pyrochlore.
Deconvoluted TPR peaks for L5RhZ (Fig. 5c) show that there are peaks at 352, 396, and 416°C. The 352°C peak is likely to be due to the reduction of Rh d? species as observed in XPS results. The 396 and 416°C peaks can be assigned to the reduction of bulk Rh with varying interaction with the pyrochlore structure. These species reducing at 396 and 416°C have similar oxidation states and thus could not be distinctly determined during XPS analysis. Some portion of the 396°C peak could be due to the reduction of the lanthanum zirconates as seen in Fig. 5a . The high temperature peaks at 500 and 570°C are primarily due to the reduction of the same lanthanum and zirconium species as seen in Fig. 5a .
There are some apparent differences in the oxidized species observed in the TPR results and the XPS results. This is because the fresh catalysts, after calcination at 1,000°C for 8 h as the final step in the synthesis process, were pretreated prior to the TPR in flowing oxygen up to 950°C, whereas the catalysts used for XPS were not pretreated, although they were also calcined at 1,000°C for 8 h. It is clear from the above deconvoluted TPR peaks that no peak can be assigned solely to the reduction of a particular metal species. Lanthanum zirconate reduction peaks overlap with the reduction peaks for Rh in the pyrochlore. Thus, quantification of the percentage of Rh reduction in these pyrochlores cannot be performed using TPR.
Temperature programmed surface reaction (TPSR)
TPSR was performed on LZ, L2RhZ, and L5RhZ and the product composition is plotted in Fig. 6a-c , respectively, as a function of temperature. For L2RhZ (Fig. 6b) , there is no CO or H 2 formation observed until *490°C, but over L5RhZ (Fig. 6c) product formation begins at *410°C. Small but measurable water formation is observed over both the catalysts after light-off, which suggests that the RWGS takes place over both the catalysts up to *700°C. Assuming the rate determining step is the breaking of the C-H bond in CH 4 to form CH x surface species [32] , and that this step occurs over Rh sites [33] , the L5RhZ, which has more surface Rh sites (shown by XPS and TPR), enhances CH 4 activation and accelerates the reforming reaction rate compared to L2RhZ. This faster reaction rate over L5RhZ results in a lower light-off temperature i.e., 410°C, compared to 490°C for L2RhZ.
Temperature effects on activity
Effect on CH 4 conversion (X CH 4 ) Figure 7 shows the conversion of CH 4 (X CH 4 ) for all three catalysts at each temperature as a function of time. The values on the right hand y-axis show the thermodynamic equilibrium values at that particular temperature. X CH 4 over LZ pyrochlores was between 0.5 and 0.8 %, and was constant at all temperatures. This lower conversion is due to absence of any catalytically active Rh site on the surface of the LZ pyrochlore. The catalysts do not reach equilibrium at these temperatures. For the two Rh-containing catalysts, X CH 4 increases with time. This increase could be attributed to the in situ reduction of the catalyst by CH 4 . The catalysts used in this study were not reduced as a part of pre-treatment before conducting the reaction. As a result, the catalysts are likely initially reduced in situ by CH 4 then reduced by CO and H 2 as they are formed [21] . However, this in situ reduction by CO and H 2 could be slower than that in H 2 -TPR due to lower concentration of H 2 during reaction. Ashcroft et al. [21] proposed this in situ reduction in their study of DRM over Eu 2 Ir 2 O 7 pyrochlores [21] . In-situ reduction of the catalyst would increase the number of available active metal sites with time thus increasing the conversion of CH 4 with time-on-stream.
Iglesia and co-workers [32, 34] , demonstrated that the rate of methane consumption on Rh/Al 2 O 3 is first order in CH 4 concentration, and is independent of CO 2 concentration i.e., r CH4 = kP CH4 . They also demonstrated that the active site for DRM is Rh site and the lack of any significant activity for the LZ catalyst shows that Rh sites are required to catalyze this reaction. The TPR and XPS results show that L5RhZ has more active Rh on the surface compared to L2RhZ and LZ. Thus, it would be expected that L5RhZ will have higher X CH 4 than L2RhZ and LZ, as shown in Fig. 7 . This is consistent with the results of Verykios et al. [35] , who showed that during DRM, breaking of CH 4 to CH x (x = 1-3) on the Rh sites is the slow step in the reaction mechanism and determines the overall kinetics of the reaction over Rh/Al 2 O 3 . Thus, higher metal loading would kinetically favor the activation of methane and DRM.
Effect on CO 2 conversion (X CO 2 )
The conversion of CO 2 (X CO 2 ) as a function of time for these catalysts is shown in Fig. 8 . The average X CO 2 for LZ was insignificant and independent of temperature. X CO 2 for L5RhZ is substantially greater than that for L2RhZ at all temperatures. For L2RhZ, the experimental X CO 2 value at 550°C is constant with time at *18 %, which is substantially lower than the equilibrium value of 44.7 % (see Fig. 8 ). When the temperature is further increased to 575 and 600°C, the experimental X CO 2 for L2RhZ increases with time, and reaches a value close to equilibrium at 575°C and greater than equilibrium value of 47.5 % at 600°C after 200 min on stream. For L5RhZ, the experimental X CO 2 increases slightly with time at all temperatures, and is consistently greater than the equilibrium values at all temperatures except 550°C, where it is *41 % versus equilibrium of 44.7 %. Equilibrium values of X CH 4 and X CO 2 were computed by considering C (s) as one product. Thermodynamically, C (s) formation is significant at these temperatures and the conversion of CO 2 is limited. It appears that carbon formation is kinetically limited on these catalysts, (as will be seen in the later H 2 /CO ratio results) compared to DRM and the reverse water gas shift (RWGS), allowing X CO 2 to be greater than the thermodynamic equilibrium values calculated when C (s) is included in the calculation.
Previous studies show that CO 2 is activated by the support to form carbonate species and not by the active metal during DRM over conventional supported catalysts such as Rh/Al 2 O 3 and Rh/La 2 O 3 [33, [35] [36] [37] . Verykios and co-workers [35] while comparing Ni/La 2 O 3 and Ni/Al 2 O 3 catalysts for DRM showed that in the presence of La 2 O 3 ; activation of CO 2 occurs via formation of La 2 O 2 CO 3 . They proposed that the basic nature of La 2 O 3 assists in the activation of CO 2 in the presence of surface CH x species on the metal or the metal support interface. It can be postulated that, in our case, the lanthanum zirconate assists in the activation of CO 2 to form adsorbed carbonate species. The adsorbed carbonate species are then reduced to form CO by the adsorbed CH x species formed on the Rh sites [35, 36, 38] . In case of LZ pyrochlore, there is no activation of CH 4 molecule since there are no Rh sites, thus reduction of CO 2 is limited at all temperatures, consistent with the results in Fig. 8 .
If CH x species enhance the reduction of CO 2 to CO, it would be expected that X CO 2 for L5RhZ will be greater than L2RhZ. The experimental results are in agreement with this hypothesis; X CO 2 is greater for L5RhZ than for L2RhZ (Fig. 8) .
Effect on H 2 /CO ratio
The H 2 /CO ratio plots for the three catalysts at 550, 575, and 600°C are shown in Fig. 9 . The H 2 /CO ratio for LZ pyrochlore was found to be close to 0.05 at all bed temperatures which is negligible and was constant throughout the time on stream. The H 2 /CO ratio for L5RhZ was considerably greater than for L2RhZ at all reaction temperatures (see Fig. 9 ).
The product stream consisted mainly of H 2 and CO, with a consistently lower H 2 /CO ratio than equilibrium at all temperatures. As mentioned earlier, thermodynamic calculations show that equilibrium amounts of C (s) are significant at these conditions. High levels of carbon formation would limit the formation of CO and thus increases equilibrium H 2 /CO ratios. However, it can be postulated that the rate of carbon formation on these catalysts is kinetically limited, favoring DRM and RWGS. DRM results in the H 2 /CO ratio of unity but due to the simultaneous occurrence of RWGS, the H 2 /CO ratio drops below equilibrium. Thus, comparing the H 2 /CO ratio for L2RhZ and L5RhZ; the H 2 /CO ratio of L5RhZ is consistently greater and closer to unity than L2RhZ. This suggests greater rate of DRM than RWGS over L5RhZ compared to L2RhZ. Thus, increasing Rh substitution helps in limiting simultaneous reactions like RWGS and favors DRM.
The H 2 /CO ratio for L2RhZ increases with time, particularly at 575 and 600°C suggesting increase in the rate of DRM compared to RWGS. A similar increasing trend was also observed for the conversion of CH 4 (see Fig. 7 ), suggesting that the rate of DRM reaction increases with that of the activation of CH 4 .
Characterization of the spent catalyst TPO (carbon burn-off) of the spent catalysts Immediately after performing DRM over these three catalysts, the spent catalysts were subjected to in situ TPO. The CO 2 signal during TPO of spent catalysts tested at 550, 575, and 600°C is plotted in Figs. 10, 11, and 12 , respectively. The amount of carbon formed during the reaction was quantified and is summarized in Table 3 . The total amount of carbon formed over L5RhZ is roughly half of the amount of carbon formed over L2RhZ in each experiment.
A general mechanism can be postulated based on activation of CH 4 molecule on metallic sites to produce adsorbed CH x species (x = 1-3) [33] . These CH x species can be further reduced to surface carbon on the metal sites, which can react with CO 2 (DRM), or form surface carbon, leading to deactivation [36] . The TPO results (Figs. 10, 11,  12) show that although there was carbon deposited on all three catalysts, there was no observable decrease in activity with time on stream, up to 200 min, likely due to the slow axial growth of the deactivated portion of the catalyst bed.
Catalyst spent at 550°C TPO profile for the catalyst spent at 550°C (Fig. 10) shows that for LZ, a single broad peak was observed at 130°C. This peak at *100-130°C is presumably due to the oxidation of the carbon with a relatively high H/C ratio [39] . For L2RhZ, single broad peak was observed at 625°C. This broad peak overlaps other small peaks at higher temperatures of 750 and 900°C. This suggests that there are at least two more forms of carbon formed over L2RhZ during the reaction. The peak at 625°C is attributed to the oxidation of dehydrogenated form of carbon deposited on or near the metal site [22] . The higher temperatures that are overlapped by the 625°C peak could be due to the oxidation of less reactive carbon species or the graphitic form of carbon which could be present away from the Rh site [22, 40] . TPO profile for L5RhZ shows a single identifiable peak at 650°C attributed to dehydrogenated form of carbon which is very similar to the 625°C peak observed over L2RhZ. A shoulder was observed for L5RhZ at 830°C. This shoulder is most likely due to the oxidation of the less reactive graphitic carbon which is similar to that observed for L2RhZ at higher temperatures. Peaks at 750 and 900°C (for L2RhZ) are not observed for L5RhZ; this could be due to the greater surface coverage of Rh on L5RhZ compared to L2RZ.
Catalyst spent at 575°C Figure 11 shows the TPO profile for the catalyst spent at 575°C for the three catalysts. The unsubstituted LZ pyrochlore shows a single broad oxidation peak at 140°C. This peak is most likely due to the oxidation of reactive hydrogenated polymeric carbon with greater H/C ratio compared to the high temperature carbon. This peak at 140°C is similar to the one observed over LZ spent at 550°C (see Fig. 10 ). There were four types of oxidation peaks observed for L2RhZ, indicating formation of a corresponding number of different species of surface carbon. The peak at 130°C could be due to the reactive form of carbon with a high H/C ratio as seen on the LZ pyrochlore. The 240°C peak could be attributed to carbon with H/C ratio lower than that corresponding to the peak at 140°C. It could also be the same carbon as 140°C but situated away from the surface metal [39] . Thus, the peak at 660°C may be attributed to hydrogenated carbon deposited on the metal atom while the 850°C peak could be due to the oxidation of highly unsaturated carbon deposited over the non-active sites (i.e., lanthanum zirconate in our case) or further away from the Rh site. Peaks observed for L5RhZ are at 230, 680 and 830°C which are similar to the ones observed for L2RhZ. The species of the carbon oxidized at these temperatures would be qualitatively the same as those oxidized over L2RhZ.
Catalyst spent at 600°C TPO profile for LZ pyrochlores spent at 600°C (shown in Fig. 12 ) shows a peak at 140°C which is similar to the peaks observed over LZ spent at 550°C (see Fig. 10 ) and 575°C (see Fig. 11 ). L2RhZ TPO profile shows a very small peak at 270°C followed by a large peak at 710°C. The peak at 270°C is due to the oxidation of hydrogenated carbon which is qualitatively similar to the 240°C peak for L2RhZ in Fig. 11 . The peak at 710°C could be due to the dehydrogenation of the carbon formed further away from the active metal site which is oxidized at high temperatures. The graphitic nature of the carbon oxidized at 710°C could be similar to the one observed in the superimposed peaks at 750, and 900°C in Fig. 10 for L2RhZ. The TPO profile for L5RhZ has a small hump at 280°C which is similar to the 270°C peak for L2RhZ in the same plot. There is a very small peak observed at 730°C which could be assigned to the same species as seen over the L2RhZ at 710°C. A peak at 800°C is observed for L5RhZ which was not seen over L2RhZ, this could be due to the deposition of dehydrogenated or graphitized carbon which is not in the proximity of the metallic site [40] .
XRD of the spent catalyst from DRM and TPO
The diffraction pattern of the spent LZ and L2RhZ pyrochlores resembled the pattern for the fresh catalyst (thus not shown here). There was no apparent shift in the peaks for La 2 Zr 2 O 7 or formation of any perovskite phase observed for LZ and L2RhZ. This shows that LZ and L2RhZ pyrochlores maintained their structure (La 2 Zr 2 O 7 ) after catalyzing the reaction under reducing reforming condition at these temperatures. However, for L5RhZ spent catalysts, there was a peak observed at about 32°which could be assigned to the formation of a separate perovskite (LaRhO 3 ) phase. The magnified image of the XRD pattern for 27°-34°is shown in Fig. 13 ; this plot shows clearly the formation of the perovskite peak at these reaction temperatures. This peak (LaRhO 3 ) was also observed in the fresh L5RhZ catalysts but it was not as prominent compared to the other La 2 Zr 2 O 7 peaks. After subjecting the catalysts to the reducing Fig. 13 Plot of the XRD pattern for the L5RhZ pyrochlores spent for DRM at 500, 575, and 600°C with GHSV = 48,000 mL/g cat /h at 1 atm followed by TPO showing in particular the formation of the LaRhO 3 perovskite phase reaction conditions followed by oxidation, this particular peak for LaRhO 3 at 32°becomes apparent.
TPR by H 2 of the spent catalysts from DRM and TPO To study the changes in the reducibility of LZ and of Rh in the L2RhZ and L5RhZ pyrochlores, TPR was conducted on each spent catalyst after (a) DRM at different temperatures and (b) TPO. The TPR plots obtained from these spent catalysts are compared to the plots of the freshly calcined catalysts and the plots for L2RhZ and L5RhZ in Fig. 14a , b, respectively.
A qualitative and quantitative change was observed in the reduction profiles of L2RhZ pyrochlore (see Fig. 14a ). The fresh catalyst had a reduction peak at 380°C which is shifted consistently to a lower temperature in the reduction profiles of the spent catalysts, suggesting a slight increase in the reducibility Rh in the pyrochlore structure. When the reaction temperature was 600°C; there was a low temperature peak observed at 170°C and a shoulder at 315°C, which was not seen in the other L2RhZ profiles. These peaks could be attributed to Rh that is less strongly bound to the pyrochlore structure which developed after DRM/ TPO conditions. The quantitative increase in the H 2 consumption after DRM/TPO could be attributed partly to the reduction of the lanthanum zirconate at 570°C and reduction of Rh at lower temperatures.
A comparison of the reduction profiles for fresh L5RhZ and those spent after DRM/TPO is shown in Fig. 14b . For the spent L5RhZ pyrochlores; a low temperature reduction peak was observed at 130°C which was absent in the profile of fresh L5RhZ. In the TPR study by Haynes et al. [19] a reduction peak at 136°C for Rh/Al 2 O 3 was attributed to the reduction of supported Rh with weaker interaction with the support. This suggests that Rh that was substituted in the pyrochlore structure during calcination; apparently comes out of the structure to the surface of the pyrochlore as a result of the DRM/TPO reactions. This surface Rh is similar to the Rh observed on the supported Rh/Al 2 O 3 catalysts in terms of the reducibility [41] . There was a continuous increase observed in the quantity of the H 2 consumed during reduction for L5RhZ (see Fig. 14b ) as for L2RhZ (Fig. 14a ). This increase in the H 2 consumption is partly due to the increase in the reduction of the lanthanum zirconate at 500°C and partly due to the reduction of Rh metal that interacted less strongly with the pyrochlore structure.
The temperature of reduction of spent LZ did not change significantly as compared to the reduction of the fresh LZ. The TPR profiles of the fresh catalyst and the spent catalysts are not shown here due to the similarity between them and lack of any additional insight.
The H 2 consumption for the reduction of the spent catalyst is in direct proportion to the temperature at which the DRM reforming reaction was conducted. Because the DRM reaction conditions are extremely reducing, this may have caused some of the Rh to destabilize from the bulk of the crystal and diffuse to the surface of the catalyst. As the Rh loading increased, the maximum capacity of the pyrochlore structure for Rh at the B site was exceeded, causing Rh atoms to break the coordination with the neighboring La, Zr, Rh, and O atoms in the bulk and move to the surface and form weakly bonded Rh, with a reducibility comparable to supported Rh catalysts.
XRD of the spent catalysts from DRM followed by TPO and TPR After conducting TPR on the spent L5RhZ pyrochlore, the changes in their crystalline structure were studied by conducting XRD over these catalysts. We are not aware of any paper in the literature discussing these series of experiments over pyrochlores for DRM. The diffraction pattern Fig. 15 ). The observable perovskite phase (LaRhO 3 ) that was formed in the L5RhZ pyrochlore after the TPO of the spent catalysts, appears to be reduced by TPR to amorphous form which could not be detected by the X-rays during diffraction.
Conclusion
The XRD studies of the freshly calcined pyrochlores show a peak for LaRhO 3 which was observed for L5RhZ pyrochlore, possibly due to the higher Rh loading which led to separation of the excess Rh into the perovskite phase. XPS shows that rhodium is present primarily as Rh ?3 species on the surface of L2RhZ and L5RhZ and that there was no major local surface aggregation due to higher concentration of Rh on the surface of L5RhZ. TPR results of the fresh catalysts show that the total reducibility of the pyrochlores (mg H 2 consumed/g cat ) increased with increasing Rh substitution. The conversion of CH 4 and CO 2 and the resultant product H 2 /CO ratio over a series of substituted lanthanum zirconate pyrochlores increased with Rh loading and reaction temperature. The TPO of the catalysts after DRM shows that carbon formation decreases with an increase in Rh loading and increasing reaction temperature. The post reaction XRD plots show that there was no apparent change observed in the LZ and L2RhZ structures. However, for spent L5RhZ, the higher Rh loading could have caused the excess metal to separate out as a perovskite phase. When these spent L5RhZ pyrochlores were subjected to TPR after the TPO, the reduction temperature of the Rh was lower than that of the freshly calcined catalysts and there was also an observable increase in the H 2 consumption. This was attributed to the diffusion of Rh metal from the bulk of the structure to the surface. However, the XRD pattern of the reduced spent L5RhZ pyrochlore did not show a perovskite phase, likely because the LaRhO 3 phase was reduced to some noncrystalline form. This result is novel and gives an insight into the behavior of Rh in the pyrochlore structure under alternating reducing (DRM and TPR) and oxidizing conditions. To our knowledge, this disappearance of perovskite (LaRhO 3 ) phase by alternative oxidation and reduction treatment has not been reported in the literature particularly for pyrochlores catalyzing DRM.
